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Nuclear transparency, T p(A), is a measure of the average probability for a struck proton to escape
the nucleus without significant re-interaction. Previously, nuclear transparencies were extracted for
quasi-elastic A(e, e′p) knockout of protons with momentum below the Fermi momentum, where the
spectral functions are well known. In this Letter we extract a novel observable, the transparency
ratio, T p(A)/T p(12C), for knockout of high-missing-momentum protons from the breakup of short-
range correlated pairs (2N-SRC) in Al, Fe and Pb nuclei relative to C. The ratios were measured at
momentum transfer Q 2  1.5 (GeV/c)2 and xB  1.2 where the reaction is expected to be dominated
by electron scattering from 2N-SRC. The transparency ratios of the knocked-out protons coming from
2N-SRC breakup are 20–30% lower than those of previous results for low missing momentum. They agree
with Glauber calculations and agree with renormalization of the previously published transparencies as
proposed by recent theoretical investigations. The new transparencies scale as A−1/3, which is consistent
with dominance of scattering from nucleons at the nuclear surface.
© 2013 Elsevier B.V. All rights reserved.
Nuclear transparency, T (A), is defined as the ratio of the cross
section per nucleon for a process on a bound nucleon in the
nucleus to that from a free nucleon. Conventionally, for protons,
T p(A) has been extracted as the ratio of the measured A(e, e′p)
quasi-elastic (QE) cross section to the calculated Plane-Wave Im-
pulse Approximation (PWIA) cross section, which does not in-
clude Final State Interactions (FSI). The experimental cross sections
are typically integrated over proton missing momenta below the
Fermi momentum (|Pmiss|  kF ≈ 250 MeV/c), and missing en-
ergy, Emiss , below 80 MeV corresponding to knockout of mean-field
protons [1–4]. (Pmiss = q − P p and Emiss = ω − T p , where q and ω
are the momentum and energy transfer of the virtual photon and
P p and T p are the momentum and kinetic energy of the outgoing
proton, respectively.) For a recent review, see [5].
Two-nucleon short-range correlations (2N-SRC) are pairs of nu-
cleons with high momentum (p1, p2) that balance each other. The
pair has high relative momentum (prel = p1−p22 ) and low center of
mass momentum (pc.m. = p1 + p2), where high and low is relative
to the Fermi momentum. 2N-SRC consist mainly of neutron–proton
pairs and dominate the tail (|P |  kF ) of the nuclear momentum
distribution for all nuclei [6–16].
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For the extraction of nuclear transparency from the A(e, e′p)
quasi-elastic data, the 2N-SRC are an obstacle since they remove
a fraction of the single-particle strength beyond the missing mo-
mentum and energy integration range. This removed strength is
difficult to accurately ascertain and therefore introduces uncer-
tainty to the absolute value of T p(A). Published experimental
data, following [1], used large correction factors (1.11 ± 0.03,
1.22±0.06, and 1.28±0.10, for 12C, 56Fe, and 197Au, respectively).
These are larger than indicated by more recent calculations [17,18].
This is believed to be the main reason for the discrepancy be-
tween the measured T p(A) transparencies and calculations using
the Glauber approximation to describe the FSI of the outgoing
struck proton with the residual nucleus [17,18].
In this Letter we avoid the necessity of using hybrid measured-
to-calculated ratios and bypass the uncertainty due to the 2N-SRC
correction factors. We present the transparency ratios of T p(A)/
T p(12C), where A stands for 27Al, 56Fe, and 208Pb. These ratios
are determined for high-missing-momentum protons knocked out
from the breakup of two-nucleon short-range correlated pairs.
The data presented here were collected as part of the EG2 run
period that took place in 2004 in Hall B of the Thomas Jeffer-
son National Accelerator Facility (Jefferson Lab), using a 5.014 GeV
unpolarized electron beam and the CEBAF Large Acceptance Spec-
trometer (CLAS) [19]. The analysis was carried out as part of the
Jefferson Lab Hall B Data-Mining project [20].
CLAS uses a toroidal magnetic field (with electrons bending
towards the beam line) and six independent sets of drift cham-
bers, time-of-flight (TOF) scintillation counters, Cherenkov counters
(CC), and electro–magnetic calorimeters (EC) for charged particle
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identification and trajectory reconstruction. The polar angular ac-
ceptance is 8◦ < θ < 140◦ and the azimuthal angular acceptance is
50% at small polar angles, increasing to 80% at larger polar angles.
We identified electrons and rejected pions by requiring that
negative particles produced more than 2.5 photo-electrons in
the Cherenkov counter. Additional electron/pion separation was
achieved by demanding a correlation between the energy de-
posited in the inner and outer parts of the EC divided by the
momentum of the particle [19]. The total energy deposited by
electrons in the calorimeter was closely correlated with the elec-
tron momentum over the full momentum range. This indicates the
electrons are identified cleanly. We applied fiducial cuts on the an-
gle and momentum of the electrons to avoid regions with steeply
varying acceptance close to the magnetic coils of CLAS.
Protons in CLAS were identified by requiring that the differ-
ence between the measured time-of-flight of positively charged
particles and that calculated from their measured momentum and
the proton mass be less than two standard deviations. This cut
clearly separates protons from pions/kaons up to p = 2.8 GeV/c.
Due to statistical limitations, we only show data for protons up to
2.4 GeV/c.
The kinetic energy of the incoming electron and emerging elec-
tron and proton were corrected event-by-event for coulomb dis-
tortions using the Effective Momentum Approximation (EMA) [21].
Following [13] we assume an effective electric potential equal to
75% of the potential produced by unscreened Z charges at the nu-
cleus center. This amounts to a 3, 5, 10 and 20 MeV correction for
12C, 27Al, 56Fe and 208Pb, respectively.
The EG2 run period used a specially designed target setup, con-
sisting of an approximately 2-cm LD2 cryotarget followed by one
of six independently-insertable solid targets ranging in thickness
from 0.16 to 0.38 g/cm2 (thin and thick Al, Sn, C, Fe, and Pb, all
in natural isotopic abundance) [22]. The LD2 target cell and the
solid targets were separated by about 4 cm. We selected events
with particles scattering from the solid targets by reconstructing
the intersections of their trajectories with the beam line. The ver-
tex reconstruction resolution for both electrons and protons was
sufficient to unambiguously separate particles originating in the
cryotarget and the solid target.
Cross section ratios for scattering off the solid targets are de-
fined as the yield ratio, normalized according to the number of
scatterers in the target and the integrated luminosity accumulated
for each target during the experiment. Because all solid targets
were located at the same location along the beam line and be-
cause the A(e, e′p) missing energy and missing momentum distri-
butions for the different targets were similar, the detector accep-
tance effects on the ratios of yields from different solid targets are
negligible in comparison to our statistical and other systematic un-
certainties.
To identify semi-exclusive A(e, e′p) events dominated by scat-
tering off 2N-SRC pairs, one must choose kinematics in which
competing processes are suppressed. Table 1 lists the cuts applied
and the ranges over which those cuts were varied to determine
the systematic uncertainty. Q 2 and ω are the four-momentum and
energy transfer of the virtual photon, xB = Q 22mNω is the Bjorken
scaling variable, and mN is the nucleon mass. Pmiss = q− P p is the
missing momentum which, in the Plane-Wave Impulse Approxi-
mation (PWIA), equals the initial momentum of the proton before
it absorbed the virtual photon. mmiss is the reconstructed missing
mass for the (e, e′p)X reaction assuming scattering off a station-
ary nucleon pair. θpq is the angle between the outgoing proton and
the virtual photon in the lab frame.
The cut on xB is lower than used in inclusive scattering, but the
additional cut on Pmiss ensures the selection of events dominated
Table 1
The (e, e′p) event selection cuts. Also shown is the sensitivity of the transparency
ratios to variations in the cuts.
Cut Cuts sensitivity
Range Al/C Fe/C Pb/C
xB  1.2 ±0.05 1.4% 3.2% 0.4%
300 | Pmiss| 600 MeV/c ±25 MeV/c* 2.0% 1.8% 2.6%
θpq  25◦ ±5◦** 0.6% 0.3% 0.2%
|| P p |/|q| − 0.79| 0.17 ±0.05**
mmiss  1100 MeV/c2 ±50 MeV/c2 0.5% 1.1% 3.3%
* The geometric mean of all combinations of 300+25 MeV/c and 600±25 MeV/c
variations are presented.
** Both leading proton cuts were varied together as shown by the dashed squares
in Fig. 1.
Fig. 1. (Color online) The relative angle between the detected proton and the mo-
mentum transfer vector q versus the ratio of the detected proton momentum
and the momentum transfer (|pp |/|q|). Only 12C(e, e′p) events with xB  1.2 and
300 |Pmiss| 1000 MeV/c are shown. The solid/dashed boxes (red online) show
the cuts applied to select leading protons. See Table 1 for details.
by scattering off 2N-SRC pairs, as shown by previous experiments
[6,7]. The cut on mmiss suppresses the contribution of  excitations
and meson production. The cuts on | P p|/|q| and θpq select the
struck leading proton (see Fig. 1). At most one proton per event
passed these cuts, even for events with more than one detected
proton. These cuts combined with the CLAS acceptance result in
a momentum transfer distribution that ranges from approximately
1.5 to 3.5 (GeV/c)2 (see Fig. 2).
At these kinematics (Q 2 > 1.5 (GeV/c)2, xB > 1.2, and miss-
ing momentum 300 Pmiss  600 MeV/c) the nucleon momentum
distribution for any given nucleus scales as the number of 2N-SRC
pairs in that nucleus times a common momentum distribution.
This interpretation is strongly supported by both experimental
[6–13] and theoretical investigations [14–16]. The A(e, e′p) cross
section in the Plane-Wave Impulse Approximation (PWIA) equals
a kinematic factor times the elementary electron–proton elastic
cross section times the probability of finding a proton at that miss-
ing energy and missing momentum. Under these assumptions, the
PWIA cross section ratio for scattering off high-momentum pro-
tons from two different nuclei will equal the ratio of the number
of pN-SRC pairs in the two nuclei (since the other factors all can-
cel in the ratio). Since the PWIA cross section does not include the
effects of nucleon rescattering as they exit the nucleus, we there-
fore define the proton transparency ratio of any two nuclei in this
kinematical regime as the ratio of their measured cross sections
scaled by the product of the number of pN-SRC pairs:
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Fig. 2. Q 2 distribution for the selected (e, e′p) event sample.
T p(A1)
T p(A2)
= σA1(e,e′p)/(N
A1
np + 2NA1pp )
σA2(e,e′p)/(N
A2
np + 2NA2pp )
, (1)
where σA(e,e′p) is the measured quasi-elastic scattering cross sec-
tion for nucleus A, and NAnp and N
A
pp are the average number of np
and pp SRC pairs in nucleus A. (The factor of 2 multiplying NApp
reflects the fact that the electron can scatter from either proton in
a pp pair.)
Under minimal assumptions (see Appendix A for details), this
simplifies to
T p(A1)
T p(A2)
= 1
a2(A1/A2)
· σA1(e,e′p)/A1
σA2(e,e′p)/A2
, (2)
where a2(A1/A2) is the relative number of 2N-SRC pairs per nu-
cleon in nuclei A1 and A2. This is exact for isospin symmetric
nuclei and should be valid to better than 5% even for asymmet-
ric nuclei such as lead. The ratios a2(A1/A2) are taken from a
compilation of world data on (e, e′) cross section ratios at large
Q 2 and xB > 1 including different theoretical corrections [24]. The
values used are: a2(27Al/12C) = a2(56Fe/12C) = 1.100 ± 0.055 and
a2(208Pb/12C) = 1.080± 0.054. These values are the average of the
high precision data of [13], with three different sets of theoretical
corrections as presented in Table I, columns 4–6 of Ref. [24]. Notice
that the corrections due to the center-of-mass motion of the pair,
and their uncertainties, are relevant for the ratios to deuterium and
are negligible in the ratio of A/12C. To be conservative, the uncer-
tainty of a2(A1/A2) was taken to be that of column 6 of Ref. [24].
Notice that for all nuclei with A  12, a2(A1/A2) is close to unity.
This means that all of these nuclei have about the same number
of 2N-SRC pairs per nucleon. From the measured inclusive data we
know this probability is about 20% to 25% for A  12 [11,12].
The transparency ratios of protons from 2N-SRC pairs for 27Al,
56Fe, and 208Pb relative to 12C, as extracted from the semi-inclusive
A(e, e′p) cross sections in SRC-dominated kinematics (xB  1.2,
Q 2  1.5 (GeV/c)2, and Pmiss  0.3 GeV/c), using Eq. (2), are
shown in Fig. 3 as a function of the outgoing proton momentum
Fig. 3. The measured transparency ratios for various nuclei with respect to carbon of protons from 2N-SRC pairs (full circles), extracted using Eq. (2), shown as a function
of the outgoing proton momentum. The horizontal error bars represent the integration region (bin widths). The solid line is the average transparency and the values are
shown. The normalization uncertainty is dominated by the uncertainties in the SRC scaling factors (see text for details). Also shown for comparison are the world data for
transparency ratios for mean-field proton knockout from Refs. [1–4] (empty circles), extending up to a proton momenta of 5 GeV/c. Note that Ref. [2] did not report results
for Fe and Pb; we show their results for Ni and Ta instead. The results from Refs. [1,3] and also [4] in the bottom panel are for Au rather than Pb. Over the momentum
range covered by this experiment, the transparency ratios of protons from 2N-SRC are lower than those of mean-field protons by 20–30%. Glauber calculations are shown
as dashed lines [23] and dash-dotted lines [5,18]. For figure clarity we omitted the world data for mean-field transparencies without the SRC renormalization which can be
found in [5].
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Fig. 4. (Color online) The A-dependence of the nuclear transparency extracted by
fitting the SRC transparency ratios (filled circles) and the mean-field transparency
ratios [4] (open circles) to Aα . The solid line is a constant fit to the world data
(red online) and the dashed lines show the ±1σ limits. The dashed-dot line is the
Glauber result (blue online) of [23]. The insert shows the A-dependence of the SRC
transparency ratio with the fits to the data (solid line) and to the Glauber result
(dashed line) on a log–log scale. The transparency ratios used are average values
shown in Fig. 3, where the statistical and normalization uncertainties were added
linearly. The horizontal error bars indicate the bin width.
(which should determine the probability for re-interacting). The
errors shown are statistical only. The A(e, e′p) cross section ra-
tios were corrected for radiative effects [25] in the same way as
was done in [11,12]. The radiative correction to the transparency
ratios was found to equal ≈ 7% for all ratios, with a negligi-
ble contribution to the total systematic uncertainty. The extracted
transparency ratios are independent of the proton momentum for
1.0  P p  2.4 GeV/c for each of the three nuclei. The average
proton transparency, T p(A/C), equals 0.776± 0.019± 0.043 for Al,
0.579 ± 0.010 ± 0.036 for Fe and 0.385 ± 0.010 ± 0.034 for Pb.
The first uncertainty is statistical and the second is systematic. The
systematic uncertainty includes the uncertainty in a2(A1/A2) (5%),
the sensitivity to cuts (see Table 1), and the uncertainty of 5% in
the np-dominance assumption for the 208Pb/12C case. The uncer-
tainty on the integrated luminosity is negligible. The systematic
uncertainty is independent of the proton momentum.
These transparency ratios indicate that a high-momentum pro-
ton from an SRC pair in iron is only about 60% as likely to escape
the nucleus as a similar proton in carbon. This probability ratio for
lead is 40%. These ratios are 20–30% lower than the correspond-
ing published ratios for mean-field protons [1–4]. Recent theo-
retical studies [17,18] claim that the published mean-field proton
transparencies are too high because the PWIA calculations incor-
rectly included a correction factor that overestimated the effect
of 2N-SRC and therefore underestimated the number of available
mean-field protons. This same conclusion was reached from trans-
port calculations [26]. Our measured proton transparency ratios
support this claim.
Following [1–4], the A-dependence of the measured trans-
parency ratios was studied by fitting it to ( A12 )
α (see Fig. 4). Our
extracted value of α = −0.34±0.02 is considerably lower than the
average mean-field value of α = −0.22± 0.01 [4] and is consistent
with the Glauber result of α = −0.322± 0.007. The observation of
α ≈ −1/3 is consistent with the T (A) ∝ 1/r attenuation expecta-
tion of Ref. [17], where r is the nuclear radius, indicating that the
reaction is dominated by scattering off the nuclear surface.
In summary, we measured semi-inclusive A(e, e′p) cross sec-
tion ratios for 27Al, 56Fe and 208Pb nuclei relative to 12C at Q 2 
1.5 GeV/c2, xB  1.2 and 300  Pmiss  600 MeV/c where knock-
out of protons from 2N-SRC should dominate. We used these cross
section ratios to extract the transparency ratios for protons from
the 2N-SRC breakup. The proton transparency ratios are indepen-
dent of proton momentum and are 20–30% lower than the trans-
parency ratios of mean-field proton knockout. This difference is
consistent with the proposed renormalization of the mean-field
transparencies to properly account for the effects of correlated
nucleons [17,18]. See Ref. [5] for a comparison of the Glauber
calculations to the data, with and without the SRC correction fac-
tors.
The A-dependence of our measured transparency ratios are
steeper than that of mean-field protons [4] and consistent with
Glauber calculations. This A-dependence is consistent with a sim-
ple picture of proton knockout from the nuclear surface, i.e., that
protons knocked out from the nuclear volume rescatter.
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Appendix A
Inclusive A(e, e′) scattering cross section ratios for nuclei A rel-
ative to deuterium at Q 2 > 1.5 (GeV/c)2 are independent of xB
(scale) for 1.5  xB  1.9 [10–13]. The scaling factor (the value
of this cross section ratio), denoted as a2(A/d), is typically inter-
preted as a measure of the number of 2N-SRC pairs per nucleon
in nucleus A relative to d [14–16]. When we take the ratio of
a2(A1/d) and a2(A2/d), this gives us a2(A1/A2), the relative num-
ber of 2N-SRC pairs per nucleon in nuclei A1 and A2. In this
appendix we will relate this measured quantity to the values NA1Np
used in Eq. (1).
In this kinematic region we can assume that the electron scat-
tering cross section from the nucleus is approximately equal to
the incoherent sum of electron scattering from the constituent
nucleons and therefore is proportional to the number of nucle-
ons times the electron–nucleon cross section. Since at xB  1.5,
inclusive electron scattering from nuclei is only sensitive to high-
momentum nucleons, this gives
a2(A1/A2)
= (N
A1
np · (σep + σen) + 2NA1pp · σep + 2NA1nn · σen)/A1
(NA2np · (σep + σen) + 2NA2pp · σep + 2NA2nn · σen)/A2
, (3)
where σeN is the off-shell electron–nucleon elastic scattering cross
section and NAnn is the number of neutron–neutron SRC pairs in
nucleus A. (For np pairs, the electron can scatter from either the
proton or the neutron, so the relevant cross section is σep + σen
and similarly for nn and pp pairs.)
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For isospin symmetric nuclei, we can assume that Nnn = Npp
and therefore Eq. (3) simplifies to
a2(A1/A2) = (σep + σen) · (N
A1
np + 2NA1pp )/A1
(σep + σen) · (NA2np + 2NA2pp )/A2
= 1/A1
1/A2
· (N
A1
np + 2NA1pp )
(NA2np + 2NA2pp )
, (4)
which can be inserted directly in Eq. (1).
Even for non-isospin symmetric nuclei Eq. (4) is reasonably ac-
curate because there are about 20 times more np-SRC than pp-
or nn-SRC pairs (Nnp ≈ 20 × Npp,Nnn) [6–9]. If we use the mea-
sured value of Nnp/Npp = 18 ± 3 [7] and assume that NPbnn/NPbpp =
1262/822 = 2.5, then Eq. (4) is valid to about 5%.
Therefore we can rewrite Eq. (1) as
T p(A1)
T p(A2)
= 1
a2(A1/A2)
· σA1(e,e′p)/A1
σA2(e,e′p)/A2
. (5)
This is exact for isospin symmetric nuclei and should be valid to
better than 5% even for asymmetric nuclei such as lead.
References
[1] T.G. O’Neill, et al., Phys. Lett. B 351 (1995) 87.
[2] G. Garino, et al., Phys. Rev. C 45 (1992) 780.
[3] D. Abbott, et al., Phys. Rev. Lett. 80 (1998) 5072.
[4] K. Garrow, et al., Phys. Rev. C 66 (2002) 044613.
[5] D. Dutta, K. Hafidi, M. Strikman, arXiv:1211.2826, 2012.
[6] R. Shneor, et al., Phys. Rev. Lett. 99 (2007) 072501.
[7] R. Subedi, et al., Science 320 (2008) 1476.
[8] A. Tang, et al., Phys. Rev. Lett. 90 (2003) 042301.
[9] E. Piasetzky, et al., Phys. Rev. Lett. 97 (2006) 162504.
[10] D. Day, et al., Phys. Rev. Lett. 59 (1987) 427.
[11] K. Egiyan, et al., CLAS Collaboration, Phys. Rev. C 68 (2003) 014313.
[12] K. Egiyan, et al., CLAS Collaboration, Phys. Rev. Lett. 96 (2006) 082501.
[13] N. Fomin, et al., Phys. Rev. Lett. 108 (2012) 092502.
[14] L.L. Frankfurt, M.I. Strikman, Phys. Rep. 76 (1981) 215;
L.L. Frankfurt, M.I. Strikman, Phys. Rep. 160 (1988) 235.
[15] L.L. Frankfurt, M.I. Strikman, D.B. Day, M. Sargsyan, Phys. Rev. C 48 (1993)
2451.
[16] C. Ciofi degli Atti, S. Simula, Phys. Lett. B 325 (1994) 276;
C. Ciofi degli Atti, S. Simula, Phys. Rev. C 53 (1996) 1689.
[17] P. Lava, M.C. Martinez, J. Ryckebsch, J.A. Caballero, J.M. Udias, Phys. Lett. B 595
(2004) 177.
[18] L.L. Frankfurt, M.I. Strikman, M. Zhalov, Phys. Lett. B 503 (2001) 73.
[19] B.A. Mecking, et al., Nucl. Instrum. Methods A 503 (2003) 512.
[20] L.B. Weinstein, S.E. Kuhn, Short distance structure of nuclei: Mining the wealth
of existing jefferson lab data, DOE Grant DE-SC0006801.
[21] A. Aste, C. von Arx, D. Trautmann, Eur. Phys. J. A 26 (2005) 167, nucl-th/
0502074.
[22] H. Hakobyan, et al., Nucl. Instrum. Methods A 592 (2008) 218.
[23] V.J. Pandharipande, S.C. Pieper, Phys. Rev. C 45 (1992) 791.
[24] O. Hen, E. Piasetzky, L.B. Weinstein, Phys. Rev. C 85 (2012) 047301.
[25] M.M. Sargsyan, Report No. YERPHI-1331-26-91, 1991, unpublished.
[26] J. Lehr, U. Mosel, Nucl. Phys. A 699 (2002) 324.
